Introduction
Abscisic acid (ABA) is well known as a stress hormone and plays an important role in plant responses to water stress in both the whole-plant level (e.g. Zhang & Davies 1989a, b; 1990a, b; Davies & Zhang 1991; Jia & Zhang 1997 ) and the cellular level (Pla et al. 1993; Straub, Shen-Q & Ho 1994; Gosti et al. 1995) . The basis of ABA as a stress hormone is its rapid and massive accumulation under water stress conditions. Although water stress-induced ABA accumulation was revealed as early as in the 1960s (Wright & Hiron 1969) , until now little information has been available about the biochemical mechanisms and the factors that regulate it.
Water stress-induced ABA accumulation consists of complicated signal cascades from water stress perception, intracellular signal transduction, possible gene activation, and finally the regulation and/or expression of the enzymes in the ABA biosynthesis. In a previous study (unpublished data), we investigated water stress-induced ABA accumulation in relation to ascorbic acid and reduced glutathione, and found that they were capable of blocking accumulation.Ascorbic acid and reduced glutathione are potent freeradical scavengers and reducing agents, and play important roles in physiological and biochemical processes. The two compounds have been reported to be involved in the cellular signal transduction (Sakagami et al. 1996; Numazawa et al. 1997; Rigacci et al. 1997; Wilhelm et al. 1997; Yu, Tan & Kong 1997) , and exist in plant tissues at high concentrations that are regulated by many environmental stresses (Badiani et al. 1993; Walker & Mckersie 1993; Xu, Zou & Cheng 1993; Gogorcena et al. 1995) . It is of special interest and significance to investigate further the blocking mechanism by such reducing agents.
Free radicals are generally thought to be harmful to cells. Recent studies, however, have increasingly suggested that free radicals under subtoxic condition might be involved in the cellular signalling process and act as a second messenger (Burdon 1995; Suzuki, Forman & Sevanian 1997; Blackburn et al. 1999; Das et al. 1999) . They may participate in or regulate the kinase/phosphatase signalling process and activate stress-responsive transcription factors (Barchowsky et al. 1994; Cui & Douglas 1997; Geng, Rong & Lau 1997; Vepa, Scribner & Natarajan 1997) . The observation that water stress-induced ABA accumulation could be blocked
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by ascorbic acid and reduced glutathione, together with the fact that accelerated syntheses of both ABA and free radicals are induced under many stress conditions, led us to speculate that the water stress-induced ABA accumulation might be associated with free radicals.
In the present study, we investigated the water stressinduced ABA accumulation in relation to different classes of free-radical scavengers and reducing agents. The first class of chemicals is those with both potent free radical scavenging and reducing abilities such as N-acetyl cysteine (NAC) and cystein (Cys). The second class is those only with potent free radical-scavenging ability such as dimethyl sulphoxide (DMSO), a hydroxyl radical and single oxygen scavenger, and melatonin (Mela), an animal hormone that is recently reported to be a very strong free-radical scavenger. The third class is those with potent reducing ability but without potent free radical-scavenging ability, such as dithiothreitol (DTT) . Because many reducing agents tested are sulfhydryl reagents, and the disulphide bond is closely related to sulfhydryl group, the effects of sulfhydryl modifiers, such as iodoacetamide (IOA) and p-chloromercuriphenylsulfonic acid (PCMBS), were also investigated. Importantly, PCMBS is plasmalemma impermeable but readily diffused into cell walls (Giaquinta 1976; M'batchi & Delrot 1984) , so it can be used to reveal whether any plasmalemma proteins are involved in the signalling process of water stress-induced ABA accumulation.
It is believed that the oxidative cleavage of 9¢-cisneoxanthin is a key step in the pathway of ABA biosynthesis (Merlot & Giraudat 1997 . The enzyme involved is believed to be a dioxygenase (Burbidge et al. 1997; Tan et al. 1997) . Although the characteristics of lipoxygenase may not be totally the same as dioxygenase, they have some similarities and various lipoxygenase inhibitors could block water stress-induced ABA accumulation (Creelman, Bell & Mullet 1992) . To understand whether the inhibition of water stress-induced ABA accumulation by the tested chemicals is achieved through an inhibition of the enzyme that is responsible for the cleavage of 9¢-cis-neoxanthin, we also studied the effect of some of the tested chemicals on lipoxygenase activity.
MATERIALS AND METHODS

Plant materials
Maize (Zea mays, cv. Zhongyou 1) seeds were sown in trays of sands and watered with Hoagland nutrition solution. The seedlings were grown for about 6 days at 28°C in a greenhouse. When the second leaf appeared, the fully expanded first leaf was used for experiments. The primary roots were carefully washed out and excised about 15 mm long from the tip as root tissue samples.
Chemical treatments
Leaves were cut into 25 mm 2 squares, vacuum infiltrated and incubated in various chemical solutions. Root tips (about 15 mm long) were directly incubated in chemical solutions. After incubation for 30 min at 25°C in the light, the samples were immediately subjected to water stress treatment.
For superoxide anion treatments, the generating solution was made according to the method of Adam et al. (1989) and contained various concentrations of riboflavin and 1 mM EDTA in potassium phosphate buffer (0·05 M, pH 7·8). Leaf squares were first incubated in the superoxide anion generating solution for 15 min at 25°C. Afterwards they were given light for 30 min at a density of 500 mmol s -1 m -2 , before they were immediately water stressed. For hydrogen peroxide treatments, the leaf squares were vacuum infiltrated and incubated in hydrogen peroxide solution for 0·5 h at 25°C. The samples were then immediately water stressed.
Water stress treatment
Water stress was applied by air-drying. Leaf squares or root tips were allowed to lose water under gently moving air. After about 30 min when the weight of leaf and root tissue samples was about 80 and 60% of their original fresh weight, respectively, the samples were sealed with aluminium foil and incubated in a moister chamber at 25°C for 4-6 h.
To investigate the effects of chemicals on the baseline ABA levels or on samples with non-stress treatment, the materials were treated with chemicals according to the method described above, the materials were then incubated in a moist chamber at 25°C for 4-6 h without water stress treatment.
ABA analysis
After various treatments the materials were immediately frozen with liquid nitrogen, and then homogenized in water at ice-cold temperature. The samples were then centrifuged for 25 min at 20000 g and the supernatants were used for ABA assay. ABA analyses were carried out using the radioimmumoassay (RIA) method as described by Quarrie et al. (1988) . The highly specific monoclonal antibody (Mac 252) was provided by Dr S. A. Quarrie (John Innes Centre, UK). Aqueous extracts of root tissues were used for the assay without purification. Next, 50 mL of crude extracts was mixed with 200 mL phosphate-buffered saline (pH 6·0), 100 mL diluted antibody solution and 100 mL 3 H-ABA (about 8000 cpm) solution. The reaction mixture was incubated at 4°C for 45 min and the bound radioactivity was measured in 50%-saturated (NH 4 ) 2 SO 4 precipitated pellets with a liquid scintillation counter. The extraction efficiency and immunoreactive contamination in crude extracts of roots were tested earlier and the method shown to be reliable (Zhang & Davies 1990 ).
Assay of lipoxygenase activity
The assay of lipoxygenase activity was carried out according to the method described by Romero & Barrett (1997) .
In brief, 0·5 g of leaf or root tissue was homogenized with 1·5 mL 0·1 M sodium phosphate buffer (pH 6·5) containing 1% PVP and 0·5% Trition X-100, and centrifuged at 20000 g for 15 min. The supernatant was used for lipoxygenase assay. The substrate stock solution was prepared as follows: 150 mL Tween 20 was mixed with 150 mL linoleic acid in 10 mL of oxygen-free water, the solution was clarified by 1N NaOH. Prior to use, the stock solution was diluted four times with 0·1 M sodium phosphate buffer (pH 6·0) to give a final concentration of 2·5 mM linoleic acid. The solution was then flushed with oxygen for 5 min and allowed to equilibrate at 25°C for 10 min. The reaction was started by mixing 2·5 mL of substrate with 80 mL extract. After incubation at 25°C for 10 min, the reaction was stopped by adding 2·5 mL of absolute ethanol. The background was made by first mixing the substrate with 2·5 mL of absolute ethanol before adding sample extracts. A spectrophotometer (UV-1601, Shimadzu) and 1-cm-path length quartz cuvette was used in the assay. One unit of enzyme activity was defined as the amount of enzyme that produced a change in absorbance of 1·0 min at 234 nm under the assay conditions.
RESULTS
The effects of free-radical scavengers and reducing agents on the water stress-induced ABA accumulation are showed in Fig. 1 . The potent free-radical scavengers and reducing agents NAC and Cys at 500 mM significantly inhibited water stress-induced ABA accumulation in maize leaf tissues (Fig. 1a) . At 5000 mM both NAC and Cys completely diminished the water stress-induced ABA accumulation. Dithiothreitol (DTT) had a comparable inhibiting ability with NAC and Cys at the 500 mM concentration. However, it could not completely block the water stress-induced ABA accumulation even when treated with a higher concentration, 5000 mM. Both Mela and DMSO, the sole radical scavengers, had no effects on the water stress-induced ABA accumulation. The effects of all the chemicals tested on root tissues were similar with those on the leaf tissues, although root tissues seemed more sensitive to the chemicals tested than the leaf tissues (Fig. 1b) . Figure 2 shows the effects of free radicals and oxidant KIO 4 on the water stress-induced ABA accumulation. Results showed that superoxide anion and hydrogen peroxide did not affect water stress-induced ABA accumulation. Neither did the oxidant KIO 4 .
The effects of sulfhydryl modifiers on the water stressinduced ABA accumulation are shown in Figs 3 and 4. The result showed that the water stress-induced ABA accumulation was significantly inhibited by IOA with a concentration-dependent trend in root tissues (Fig. 3) . Interestingly, the impermeable sulfhydryl modifier PCMBS could also inhibit the water stress-induced ABA accumulation in leaf tissues (Fig. 4a) . Unexpectedly, PCMBS had no effects on water stress-induced ABA accumulation in root tissues (Fig. 4b) .
A lipoxygenase-like enzyme is believed to play a central
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role in the regulation of ABA biosynthesis. While water stress-induced ABA accumulation was significantly inhibited by IOA, Cys and DTT at 500 mM concentrations when compared with the control 2 (the water-stressed control), all three chemicals at the same concentrations did not affect lipoxygenase activity both in leaf and root tissues (Fig. 5) , except IOA on the root tissues. Above 500 mM, both IOA and DTT significantly inhibited the lipoxygenase activity in leaf and root tissues, but Cys had no effects on the lipoxygenase activity in leaf tissues no matter what concentration was used (Fig. 5a) . The results suggest that the inhibition of water stress-induced ABA accumulation by these chemicals was not associated with the regulation of lipoxygenase-like activity. Figure 6 shows the effects of the inhibitors of ABA accu- 
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DISCUSSION
Free radicals have been recognized increasingly to be involved in the cellular stress signalling process in animal cells (Burdon 1995; Suzuki et al. 1997; Blackburn et al. 1999; Das et al. 1999) , whereas, little information is available in plant cells. Because free radicals and ABA are produced in large quantities almost simultaneously under various stress conditions, it is of special interest to know whether the water stress-induced ABA accumulation is associated with free radicals. From our results, however, such speculation is not confirmed. Water stress-induced ABA accumulation was neither affected by the sole free-radical scavengers, tested with DMSO and Mela, nor by the direct treatment with superoxide anion or hydrogen peroxide. Instead, the water stressinduced ABA accumulation was significantly inhibited and even totally blocked by all the reducing agents tested, such as NAC, Cys and DTT, although NAC and Cys are potent free-radical scavengers too. These observations indicate that the inhibition of water stress-induced ABA accumulation was achieved by their reducing effect, rather than by their scavenging action of free radicals. The intramolecular disulphide bond is known to be important with regard to the functions of proteins. Many receptor proteins contain disulphide bonds in their active sites (Bass, Coleman & Flake 1999; Fischer et al. 1999; Labrecque et al. 1999; Liao et al. 1999 ) . Thus, we speculate that the inhibition of water stress-induced ABA accumulation by the reducing agents might have resulted from the reduction of the disulphide bond within the active site of a signal element(s) in the signal cascades. Such a speculation also agrees with the observation that water stress-induced ABA accumulation was unaffected by treatment with oxidant KOI 4 and free radicals.
IOA is a commonly used sulfhydryl modifier in cell biology study. The blocking of water stress-induced ABA accumulation by IOA suggests that the sulfhydryl group is critical to the reactivity of some signal element(s) in the signal cascades from water stress-perception to the final ABA accumulation. Interestingly, PCMBS is also capable of inhibiting the water stress-induced ABA accumulation in Abscisic acid accumulation in maize plants 1393 leaf tissues. PCMBS is a plasmalemma impermeable sulfhydryl modifier. Thus, the inhibiting of water stressinduced ABA accumulation in leaf tissues by PCMBS indicates that the plasmalemma is responsible for the water stress perception and transduction in the signalling process. This result confirmed a report by Urao et al. (1999) that a transmembrane protein, called ATHK1, may function as an osmosensor and transmit the stress signal downstream of the MAPK cascade.
Unexpectedly, PCMBS had no effect on the water stressinduced ABA accumulation in root tissues. It should have no problem in getting into the apoplastic space in the root tissue because we used root tips (15 mm long) where exodermis and endodermis are not fully developed (Giaquinta 1976; M'batchi & Delrot 1984) . This result appears to suggest that the signal elements or signal cascades in the signalling process of water stress-induced ABA accumulation may not be totally the same between leaf and root tissues.
It has long been a mystery for the triggering of water stress-induced ABA accumulation. Much earlier studies indicated that the initiation of water stress-induced ABA accumulation was closely related to zero turgor or the shrinking of cell volume (Pierce & Raschke 1980; Ackerson & Radin 1983) . The present study has provided strong evidence for the presence of water stress-perception protein(s) or receptor(s) within the plasmalemma. The pair of cysteine residues is believed to be crucial to the reactivity of many receptors (Knudsen et al. 1997; Lupo, Mennier & Auzou 1998; Zeng et al. 1999) . It is not known whether the speculated water stress-receptor(s) may also have a pair of cysteine residues in the active site. Whatever, the exis- tence of the sulfhydryl group in the extracellular domain seems essential for the reactivity of the water stress-receptor(s).
Water stress-induced ABA accumulation is a complicated signalling process from the initial water stress perception, cellular signal transduction, to the final gene activation and the regulation of ABA biosynthesis. The blocking of water stress-induced ABA accumulation may be achieved either by directly inhibiting the enzymes in ABA biosynthesis or by interference in the signalling process. Recent studies suggest that the cleavage of 9-cisxanthophylls is a key step in the ABA biosynthetic pathway , and it was reported that the oxidative cleave reaction in ABA biosynthesis requires a lipoxygenase-like enzyme (Creelman et al. 1992) . Further studies showed that the sequence of the key enzyme responsible for the oxidative cleave reaction is very similar to bacterial lignostilbene dioxygenase, an enzyme catalysing a doublebond cleavage (Burbidge et al. 1997; Tan et al. 1997) . In view of the importance of lipoxygenase-like activity in ABA biosynthesis, we further tested whether the blocking of water stress-induced ABA accumulation may be associated with lipoxygenase-like activity. Although 500 mM Cys, DTT and IOA could significantly inhibit water stress-induced ABA accumulation both in leaf and root tissues, all the three chemicals at 500 mM had no effects on the lipoxygenase-like activity. Cys did not affect the lipoxygenase-like activity no matter what concentration was applied. It can be concluded that the blocking of water stress-induced ABA accumulation is not associated with the regulation of lipoxygenase-like activity.
Although the blocking of water stress-induced ABA accumulation by the reducing agents is not associated with lipoxygenase-like activity, we investigated the possibility that they may have effects on some other steps of ABA biosynthesis. If any enzymes in the ABA biosynthesis pathway were inhibited, one would expect a decrease in the baseline ABA level when these inhibitors are applied to non-stressed tissues. Results showed that all the inhibitors tested, DTT, Cys and IOA, had no effects on the baseline level of ABA in root tissues (Fig. 6) . It can be concluded that their blocking of the water stress-induced ABA accumulation resulted from the blocking of the signal cascades, i.e. in the upstream that controls ABA biosynthesis pathway.
In conclusion, reducing agents and sulfhydryl modifiers can block water stress-induced ABA accumulation and their effects are not associated with the scavenging of free radicals. The blocking seems to occur upstream in the regulation of ABA biosynthesis, the signalling stage. Importantly, our results have revealed that the disulphide bond or the sulfhydryl group are critical to the reactivity of the signal element(s) in the signalling process, and the speculated water stress receptor(s) may be located on the plasmalemma. The sulfhydryl group on the extracellular domain is possibly involved. This study has provided important hints to the signal transmission of the water-induced ABA accumulation. However, clear understanding of the biochemical mechanism of water stress-induced ABA 1394 W. Jia & J. Zhang accumulation needs purification and identification of the speculated water stress-perception protein.
